This paper presents the optimized designs of an "open midplane dipole" [1] for "dipole first optics" [2] for the proposed luminosity upgrade of the Large Hadron Collider (LHC). It was found [3] that in this design at luminosity of 10 35 cm -2 s -1 , the peak power density in the coils can be up to two orders of magnitude higher than that at the present baseline luminosity (10 34 cm -2 s -1 ). This comes from a large quantity of spray particles from Interaction Point (IP) that is mostly concentrated at the midplane. The "open midplane dipole" design is the only design so far that has been found to provide reliable quench-stable operation with a lifetime of the critical components of at least ten years. In addition to a summary of magnetic, mechanical and energy deposition calculations for various iterations, the inherent benefits and challenges associated with the "open midplane dipole" design are also discussed. Results are presented for a recently proposed attractive option with the dipole splitted in two with a warm absorber placed between the two [4] .
INTRODUCTION
Any upgrade in LHC luminosity or energy will require very high field magnets [5] . The proposed ten-fold increase in LHC luminosity will require high field interaction region magnets [6] that will be subjected to high radiation power. Several beam optics options are being examined involving either "quadrupole first" (current baseline) or "dipole first" layouts. "Dipole first optics" significantly reduces the long-range beam-beam effects by reducing the number of parasitic collisions by over a factor of three and makes the correction of field errors in quadrupoles more robust [6] . The radiation load is the key consideration [3] in the design of the first dipole in "dipole first optics". Energy deposition calculations show that conventional "cosine theta dipole" designs do not render a workable solution with their lifetime severely limited and cryogenic system requirements becoming prohibitive. Most of these issues are practically eliminated in an "open midplane dipole" with essentially no conductor or support structure at the midplane (see Fig.  1 ). The proposed "open midplane design" allows sufficient clear space between coils so that most of the particle showers from the interaction points (concentrated at the midplane due to the strong magnetic field) can be transported outside the coil region to a warm absorber. This drastically reduces the peak power density in the coils and allows deposited energy (heat) to be removed at a higher (nitrogen) temperature where it is much more economical. The amount of heat to be removed at cold temperature is further reduced by a significant amount when the D1 dipole is split in two (D1A and D1B) with the same cross-section and a warm absorber TAS2 placed between the two [4] .
The concept, however, presents several new technical challenges: (a) obtaining good field quality despite a large midplane gap, (b) minimizing peak fields on coils, (c) dealing with large vertical forces with no structure between the coils, (d) minimizing heat deposition in the cold region, (e) designing a support structure. In most designs large vertical Lorentz forces between the upper and lower coils react against each other or would require a large support structure between the coils and midplane. A structure would, however, move the coils further away from midplane, which would in turn reduce the central field, increase the peak field and make the field quality worse. To minimize structure below lower blocks (blocks closer to midplane), we developed the magnet design such that the blocks near the midplane have net upward force rather than downward (see Fig. 1 ).
The proposed design is truly an "open midplane design", with no conductor or support structure between the coils at the midplane. Once the strategy of "coil design with upward force on blocks closer to midplane" is developed, any structure at midplane is counterproductive. It helps little in containing Lorentz forces but substantially increases the heat load on cold structure. It was found in earlier design studies that obstructions at midplane create a large quantity of secondary particles, which in turn deposit significant energy in superconducting coils and other cold structures and thus make the whole proposal unattractive. ___________________________________________ * This manuscript has been authored by Brookhaven Science Associates, LLC under US DOE contract DE-AC02-98CH1-886. The US government retains, and the publisher, by accepting the article for publication, acknowledges, a world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for US government purposes. # gupta@bnl.gov
DESIGN OPTIMIZATION
To obtain a global optimization (magnet, energy deposition, beam optics), a number of magnet designs with different horizontal and vertical coil spacing and operating field were optimized. All designs offer a significant saving in the operating and infrastructure cost of the cryogenic system while providing a reliable operation where magnet will not quench due to large energy deposition and lifetime of the critical components will be at least ten years. Table 1 lists the main parameters of the various designs that were optimized during the course of this study. H and V are the horizontal and vertical coil spacing, B o is the design field, B ss is the computed short sample (quench field) for a critical current density of J c at 12 T and 4.2 K, Cu/Sc is the copper to superconductor ratio in one or more blocks, A is the coil area (with insulation in all four quadrants), R i is the yoke inner radius and R o outer, E is the stored energy, F x and F y are the horizontal and vertical forces in a quadrant of the magnet. More details of these designs can be found elsewhere [7] . "Design C" was the most analyzed and optimized design in terms of performance, namely: good field quality (see harmonics in Table 2 ), support structure with deflections within prescribed limit (all relative deflections < 0.1 mm) and small energy deposition on coils (see Figs.  3 and 4 and Table 3 ). However, the magnet became large and overly optimized (field quality and energy deposition much better than what was needed). "Design F" represents a better balance (overall optimization) between cost and performance. It consists of two double-layer simple racetrack coils. The relative field errors in the region of interest (horizontal +/-28 mm, vertical +/-14 mm) are kept below several parts in 10 -3 , as requested [8] . 
MECHANICAL ANALYSIS
The design consists of two double layer racetrack coils. To maximize the open vertical space between the coils, the lower coil is contained within a machined support structure which also acts as the vacuum enclosure. The upper coil is supported by laminated collars. The collars are contained within a laminated yoke and a welded shell. A finite element analysis was done to look at the deflections due to the coil forces. Relative deflections are within ~0.1 mm with the exception of the vertical deflection in the support web below the large upper coil block. To minimize this deflection the collar will be prebent and the coil will be pre-loaded. Stresses in the support structure are within acceptable limits. Specifying the details of the mechanical assembly and carrying out a complete mechanical analysis (2-d and 3-d) are among the remaining major tasks of this proposal. 
ENERGY DEPOSITION ANALYSIS
The radiation problems are particularly severe for the dipole-first layout, since most of the charged secondaries from the IP are swept into the D1 dipole by its high magnetic field. The open mid-plane design opens the door towards the high luminosities [3] . As a result of thorough optimization of the D1 design with iterations in mechanical and energy deposition analyses, we have arrived at the following conclusions. The front absorber TAS does an excellent protective job absorbing soft particles from the IP. Left are energetic particles swept by a strong magnetic field to the aperture, with a build-up at the D1 non-IP end. A magnetized TAS does not help; estimates show that one needs about 20 T-m to make it working. The idea has been originated [4] to split D1 in two sections: D1A (20-T-m) and D1B and intercept particle spray from D1A by a warm absorber TAS2. This would be a natural two-stage approach to D1 design and manufacturing.
Detailed energy deposition calculations with the newest version of the MARS15 code [9] give the following configuration optimized for the 13.6-T D1 design described in the previous sections: 1.5-m D1A at 23 m from the IP followed by a 1.5-m long copper or stainless steel warm absorber TAS2 with the aperture radius of 27 mm and 0.5-m warm-to-cold interconnect regions on its ends, followed by a 8.5-m long D1B. A neutral beam absorber TAN is placed at the appropriate distance downstream of D2B. A transverse profile of power density at the longitudinal maximum (non-IP end of the D1B) is shown in Fig. 4 . The peak power density in the SC coils at the non-IP ends of D1A and D1B is 0.4 mW/g. This is found in the coils close to the central aperture in D1A and in the coils close to the tungsten rods in D1B. These peak values are below the estimated quench limit [3] with a necessary safety margin. The peak displacements per atom (DPA) rate is below 0.01 per year, that corresponds to a lifetime in the hottest spot of 10 years minimum. Note that these numbers for the optimized dipole-first at the luminosity of 1035 cm-2 s-1 are very similar to the baseline quadrupolefirst design at the luminosity of 1034 cm-2 s-1. The TAS2 absorbers intercepts substantial fraction of particle flow that otherwise ends up in the non-IP end of D1. Table 3 shows distribution of the power dissipation in the system components. 
SUMMARY
The proposed "open midplane dipole" design allows a ten fold increase in LHC luminosity which otherwise is limited in "dipole first" optics by component lifetime, magnet quench and substantial increase in infrastructure and operating costs of cryogenic system due to excessive radiation. The design represents a significant new addition to magnet technology with challenges associated with the magnetic design, mechanical structure and energy deposition essentially met.
